Naturalness bounds on weak scale supersymmetry in the context of radiative breaking of the electro-weak symmetry are analyzed. In the case of minimal supergravity it is found that for low tanβ and for low values of fine tuning Φ, where Φ is defined essentially by the ratio µ 2 /M 2 Z where µ is the Higgs mixing parameter and M Z is the Z boson mass, the allowed values of the universal scalar parameter m 0 , and the universal gaugino mass m 1/2 lie on the surface of an ellipsoid with radii fixed by Φ leading to tightly constrained upper bounds ∼ √ Φ. Thus for tanβ ≤ 2(≤ 5) it is found that the upper limits for the entire set of sparticle masses lie in the range < 700 GeV (< 1.5TeV) for any reasonable range of fine tuning (Φ ≤ 20). However, it is found that there exist regions of the parameter space where the fine tuning does not tightly constrain m 0 and m 1/2 . Effects of non-universalities in the Higgs sector and in the third generation sector on naturalness bounds are also analyzed and it is found that non-universalities can significantly affect the upper bounds. It is also found that achieving the maximum Higgs mass allowed in supergravity unified models requires a high degree of fine tuning. Thus a heavy sparticle spectrum is indicated if the Higgs mass exceeds 120 GeV. The prospect for the discovery of supersymmetry at the Tevatron and at the LHC in view of these results is discussed.
Introduction
One of the important elements in supersymmetric model building is the issue of the mass scale of the supersymmetric particles. There is the general expectation that this scale should be of the order of the scale of the electro-weak physics, i.e., in the range of a TeV. This idea is given a more concrete meaning in the context of supergravity unification [1] where one has spontaneous breaking of the electro-weak symmetry by radiative corrections [2] . Radiative breaking of the electro-weak symmetry relates the scale of supersymmetry soft breaking terms directly to the Z boson mass. This relationship then tells us that the soft SUSY breaking scale should not be much larger than the scale of the Z boson mass otherwise a significant fine tuning will be needed to recover the Z boson mass. The above general connection would be thwarted if there were large internal cancellations occurring naturally within the radiative breaking condition which would allow m 0 and m 1/2 disproportionately large for a fixed fine tuning. We shall show that precisely such a situation does arise in certain domains of the supergravity parameter space.
The simplest fine tuning criterion is to impose the constraint that m 0 , mg < 1 TeV where m 0 is the universal soft SUSY breaking scalar mass in minimal supergravity and mg is the gluino mass. The above criterion is easy to implement and has been used widely in the literature (for a review see Ref. [3] ). A more involved fine tuning criterion is given in Ref. [4] . However, it appears that the criterion of Ref. [4] is actually a measure of the sensitivity rather than of fine tuning [5, 6] . Another naturalness criterion is proposed in Ref. [6] and involves a distribution function. Although the distribution function is arbitrary the authors show that different choices of the function lead numerically to similar fine tuning limits.
In the analysis of this paper we use the fine tuning criterion introduced in Ref. [7] in terms of the Higgs mixing parameter µ which has several attractive features. It is physically well motivated, free of ambiguities and easy to implement. Next we use the criterion to analyze the upper limits of sparticle masses for low values of tanβ, i.e., tanβ ≤ 5. In this case one finds that m 0 and m 1/2 allowed by radiative breaking lie on the surface of an ellipsoid, and hence the upper limits of the sparticle masses are directly controlled by the radii of the ellipsoid which in turn are determined by the choice of fine tuning. For instance, one finds that if one is in the low tanβ end of b − τ unification [8] with the top mass in the experimental range, i.e. tanβ ≈ 2, then for any reasonable range of fine tuning the sparticle mass upper limits for the entire set of SUSY particles lie within the mass range below 1 TeV. Further, one finds that the light Higgs mass lies below 90 GeV under the same constraints. Thus in this case discovery of supersymmetry at the LHC is guaranteed according to any reasonable fine tuning criterion. Next the paper explores larger values of tanβ, i.e., tanβ ≥ 10 and here one finds that m 0 and m 1/2 for moderate values of fine tuning do not lie on the surface of an ellipsoid; rather one finds that they lie on the surface of a hyperboloid. In this case m 0 and m 1/2 are not bounded by the µ constraint equation and large values of m 0 and m 1/2 can result with a fixed fine tuning.
Effect of non-universalities on naturalness is also analyzed. Again one finds phenomena similar to the ones discussed above, although the domains in which these phenomena occur are shifted relative to those in the universal case. One of the important results that emerges is that the upper limits of sparticle masses can be dramatically affected by non-universalities. These results have important implications for the discovery of supersymmetry at the Tevatron and the LHC.
Our analysis is carried out in the framework of supergravity models with gravity mediated breaking of supersymmetry [9, 1, 3] . This class of models possesses many attractive features. One of the more attractive features of these models is that with R parity invariance the lightest neutralino is also the lightest supersymmetric particle over most of the parameter space of the theory and hence a candidate for cold dark matter. Precision renormalization group analyses show [10] that these models can accommodate just the right amount of dark matter consistent with the current astrophysical data [11, 12] . However, in this work we shall not impose the constraint of dark matter.
The outline of the paper is as follows: In Sec.2 we give a brief discussion of the fine tuning measure used in the analysis. In Sec.3 we use this criterion to discuss the upper limits on the sparticle masses in minimal supergravity for low tanβ, i.e., tanβ ≤ 5 and show that the allowed solutions to radiative breaking lie on the surface of an ellipsoid. In Sec.4 we discuss naturalness in beyond the low tanβ region. Here we show that radiative breaking of the electro-weak symmetry leads to the soft SUSY breaking parameters lying on the surface of a hyperboloid. In Sec.5 we discuss the effects of non-universalities on the upper limits. In Sec.6 we show that a high degree of fine tuning is needed to have the light Higgs mass approach its maximum upper limit. The limits on Φ from the current data are discussed in sec.7. Implications of these results for the discovery of supersymmetric particles at colliders is also discussed in Secs. 3-6. Conclusions are given in Sec.8.
2
Measure of Naturalness
We give below an improved version of the analysis of the fine tuning criterion given in Ref. [7] . The radiative electro-weak symmetry breaking condition is given by
where λ 2 is defined by 2) where Σ i arise from the one loop corrections to the effective potential [13] . The issue of fine tuning now revolves around the fact that a cancellation is needed between the λ 2 term and the µ 2 term to arrange the correct experimental value of M Z . Thus a large value of λ 2 would require a large cancellation from the µ 2 term resulting in a large fine tuning. This idea can be quantified by defining the fine tuning parameter Φ so that
(The factor of 4 on the right hand side in Eq. (3) is just a convenient normalization.)
The expression for Φ can be simplified by inserting in the radiative breaking condition Eq.(1). We then get
The result above is valid with the inclusion of both the tree and the loop corrections to the effective potential.(Φ is related to the fine tuning parameter δ defined in Ref. [7] by Φ = δ −1 ). For large µ one has Φ ∼ µ 2 M 2 Z , a result which has a very direct intuitive meaning. A large µ implies a large cancellation between the λ 2 term and the µ 2 term in Eq.1 to recover the Z boson mass and thus leads to a large fine tuning. Typically a large µ implies large values for the soft supersymmetry breaking parameters m 0 and m 1/2 and thus large values for the sparticle masses. However, large cancellation can be enforced by the internal dynamics of radiative breaking itself. In this case a small µ and hence a small fine tuning allows for relatively large values of m 0 and of m 1/2 . We show that precisely such a situation arises for certain regions of the parameter space of both the minimal model as well as for models with non-universalities.
Upper Bounds on Sparticle Masses in Minimal Supergravity
We discuss now the upper bounds on the sparticle masses that arise under the criterion of fine tuning we have discussed above. Using the radiative electro-weak symmetry breaking constraint and ignoring the b-quark couplings, justified for small tanβ, we may express the fine tuning parameter Φ 0 in the form
where
Here t ≡ tanβ, e,f,g,k and the sign conventions of A 0 and µ are as defined in Ref. [14] , D 0 is defined by
and Σ 1 and Σ 2 are as defined in Ref. [13] .
To investigate the upper limits on m 0 and m 1/2 consistent with a given fine tuning it is instructive to write Eq.(5) in the form
and ∆µ 2 loop is the loop correction. Now for the universal case one finds that the loop corrections to µ are generally small for tanβ ≤ 5 in the region of fine tuning of Φ 0 ≤ 20. Further, using renormalization group analysis one finds that C ′ 2 > 0 and C 3 > 0 and at least for the range of fine tuning Φ 0 ≤ 20, C 1 > 0(see Table 1 ). Thus in this case defining
we find that for tanβ ≤ 5, Φ 0 ≤ 20 the radiative breaking condition can be approximated by m ′2 12) and the renormalization group analysis shows that at the scale Q = M Z the quantities a 2 , b 2 an c 2 are positive. Fixing the fine tuning parameter Φ 0 fixes a,b, and c and one finds that m 0 and m 1/2 are bounded as they lie on the boundary of an ellipse. Further Eq. (12) implies that the upper bounds on m 0 and m 1/2 increase as ∼ √ Φ 0 for large Φ 0 . A similar dependence on fine tuning was observed in the analysis of ref. 4 .
We give now the full analysis without the approximation of Eq. (12) . We consider the case of tanβ = 2 first which lies close to the low end of the tanβ region of b-τ unification with the top mass taken to lie in the experimental range [8] . In Fig.1a . we give the contour plot of the upper limits for the parameters m 0 and m 1/2 in the m 0 − m 1/2 plane for the case of tanβ = 2 and m t = 175 GeV for 2.5 ≤ Φ 0 ≤ 20. As expected, one finds that the contours corresponding to larger values of m 0 and m 1/2 require larger values of Φ 0 . The upper limits of the mass spectra for the same set of parameters as in Fig.1a are analyzed in Fig.1b -Fig.1d . In Fig.1b the upper limits of the mass spectra of the heavy Higgs, the first two generation squarks, and the gluino are given. We find that the mass of the squark and of the gluino are very similar over essentially the entire range of Φ 0 . Upper limits ofẽ,t 1 ,t 2 are given in Fig.1c . In Fig.1d we exhibit the upper limits for the light Higgs, the chargino, and the lightest neutralino. We note that except for small values of Φ 0 one finds that the scaling laws [15] 
) are obeyed with a high degree of accuracy. We note that the Higgs mass upper limit in this case falls below 85-90 GeV for Φ 0 ≤ 20. At the Tevatron in the Main Injector era one will be able to detect charginos using the trileptonic signal [16] with masses up to 230 GeV with 10fb −1 of integrated luminosity [17, 18] . Reference to Fig.1d shows that the above implies that the upper limit of chargino masses for the full range of Φ 0 ≤ 20 will be accessible at the Tevatron.
For the gluino the mass range up to 450 GeV will be accessible at the Tevatron in the Main Injector era with 25fb −1 of integrated luminosity. This means that one can explore gluino mass limits up to Φ 0 =10 for tanβ = 2. However, at the LHC gluino masses in the range 1. for most values of µ and tanβ will be accessible and recent analyses show that the accuracy of the mg mass measurement can be quite good, i.e., to within 1-10% depending on what part of the supergravity parameter space one is in [21] . Thus for tanβ = 2 one will be able to observe and measure with reasonable accuracy the masses of the charginos, the gluino, and the squarks for the full range of values of Φ 0 ≤ 20 at the LHC. It has recently been argued that the NLC, where even more accurate mass measurements [22, 23, 24] are possible, will allow one to use this device for the exploration of physics at the post-GUT and string scales [25] . The NLC also offers the possibility of testing a good part of the parameter space for the tanβ = 2 model. The analysis given in Table 2 shows that the full sparticle mass spectrum for tanβ=2 can be tested at the NLC with √ s = 1 TeV for Φ 0 ≤10 and over the entire range Φ 0 ≤ 20 with √ s = 1.5 TeV.
We discuss next the upper limit of sparticle masses for tanβ = 5. In Fig.2a we give the contour plot of m 0 and m 1/2 upper limits in the m 0 − m 1/2 plane for the same value of the top mass and in the same Φ 0 range as in Fig.1a . Here we find that for fixed Φ 0 the contours are significantly further outwards compared to the case for tanβ = 2. Correspondingly the upper limits of the mass spectra for the same value of Φ 0 are significantly larger in Fig. 2b-2d relative to those given in Figs. 1b-1d. In this case the light chargino mass lies below 243 GeV for Φ 0 ≤ 20 and thus the upper limits for values of Φ 0 ≤ 20 could be probed at the Tevatron in the Main Injector era where chargino masses up to 280 GeV will be accessible with 100fb −1 of integrated luminosity [17, 18] . Similarly in this case the gluino mass lies below 873 GeV for Φ 0 ≤ 20 and thus the upper limit for values of Φ 0 ≤ 20 could be probed at the LHC which as mentioned above can probe gluino masses in the mass range of 1.6− 2.3 TeV[19]/ 1.4− 2.6 TeV [20] . LHC can probe squark masses up to 2-2.5 TeV, so squark masses of the above size should be accessible at the LHC. A full summary of the results for values of tanβ=2-20 is given in Table 2 where the sparticle mass limits in the range 2.5 ≤ Φ 0 ≤ 20 are given. The analysis tells us that for a reasonable constraint on Φ 0 , i.e. Φ 0 ≤ 20, the gluino and the squarks must be discovered at the LHC for the values of tanβ ≤ 5.
Regions Of the Hyperbolic Constraint
In this section we discuss the possibility that in certain regions of the supergravity parameter space the sparticle spectrum can get large even for modest values of the fine tuning parameter Φ 0 . This generally happens in regions where the loop corrections to µ are large. For example, in contrast to the case of small tanβ one finds that for the case of large tanβ the loop corrections to µ can become rather significant. In this case the size of the loop corrections to µ depends sharply on the scale Q 0 where the minimization of the effective potential is carried out. In fact, in this case there is generally a strong dependence on Q 0 of both the tree and the loop contributions to µ which, however, largely cancel in the sum, leaving the total µ with a sharply reduced but still non-negligible residual Q 0 dependence. An illustration of this phenomenon is given in Fig.3 . The choice of Q 0 where one carries out the minimization of the effective potential is of importance because we can choose a value of Q 0 where the loop corrections are small so that we can carry out an analytic analysis similar to the one in Sec.3. (For example, for the case of Fig. 3 the loop correction to µ is minimized at Q 0 ≈ 1 TeV). Generally we find the value Q 0 at which the loop correction to µ is minimized to be about the average of the smallest and the largest sparticle masses, a value not too distant from √ mt L mt R , which is typically chosen to minimize the 2-loop correction to the Higgs mass [26, 12] . Choosing a value Q 0 where the loop correction is small (Q 0 is typically greater than 1 TeV here), and following the same procedure as in Sec.3 we find that this time sign(C 1 (Q 0 ))=-1 (see entries for the case tanβ = 10, 20 in Table 1 and see also fig. 5a ). There are now two distinct possibilities: case A and case B which we discuss below.
Case A: This case corresponds to
and occurs for relatively small values of |A 0 |. Here the radiative breaking equation takes the form m ′2
and
The appearance of a minus sign changes intrinsically the character of the constraint of the electro-weak symmetry breaking. One finds now that unlike the previous case, where m 0 and m 1/2 lie on the boundary of an ellipse for fixed A 0 (see Fig.4a and also Figs.1a and 2a), here they lie on a hyperbola. A diagrammatic representation of the constraint of Eq. (14) is given in Fig.4b-4c . The position of the apex of the hyperbola depends on A 0 as can be seen from Fig.4c . The choice of Φ itself does not put an upper bound on m 0 and m 1/2 and consequently they can get large for a fixed fine tuning unless other constraints intervene. Thus in this case the rule that the upper bounds are proportional to √ Φ 0 breaks down. In fact from Eq. (14)- (16) we see that for large m 0 and m 1/2 one has
and thus independent of Φ 0 . Thus the hyperbolae for different values of fine tuning have the same asymptote independent of Φ 0 as illustrated in Fig.4b .
Case B: This case corresponds to
and occurs for relatively large values of A 0 . Here the radiative breaking equation takes the form
A diagrammatic representation of this case is given in Fig 4d. As in Case A, here also m 0 and m 1/2 lie on a hyperbola, with the position of the apex determined by the value of A 0 . Again here as in case A the choice of Φ 0 itself does not control the upper bound on m 0 and m 1/2 . This can be seen from Fig.4d where the hyperbolae for different values of the fine tuning have the same asymptote independent of Φ 0 just as in case A. We emphasize that the analytic analysis based on Eqs. (14) and (19) is for illustrative purposes only, and the results presented in this paper are obtained including the bquark couplings and including the full one loop corrections to µ. In Fig.5b we present a numerical analysis of the allowed region of m 0 and m 1/2 . One finds that the cases A 0 = 0 and A 0 = 500 GeV show that m 0 and m 1/2 lie on a branch of a hyperbola and simulate the illustration of Fig.4c . This is what one expects for the small A 0 case. Similarly for the cases A 0 = −1000 GeV and A 0 = −2000 GeV in Fig.5b , m 0 and m 1/2 lie on a branch of a hyperbola and simulate the illustration of the right hyperbola in Fig.4d as is appropriate for a large negative A 0 . Similarly for the case A 0 = 1000 GeV in Fig.5b , m 0 and m 1/2 again lie on a branch of a hyperbola and simulate the illustration of the left hyperbola in Fig.4d . A similar analysis for tanβ = 20 can be found in Fig.5c . Thus one finds that the results of the analytic analysis are supported by the full numerical analysis.
Effects of Non-universal Soft SUSY Breaking
The analysis of Secs. 3 and 4 above is carried out under the assumption of universal soft supersymmetry boundary conditions at the GUT scale. These universal boundary conditions arise from the assumption of a flat Kahler potential. However, the framework of supergravity unification [1, 3] allows for more general Kahler structures and hence for non-universalities in the soft supersymmetry breaking parameters [27, 25] . In the analysis of this section we shall assume universalities in the soft supersymmetry breaking parameters in the first two generations of matter but allow for non-universalities in the Higgs sector [25, 28, 29, 30] and in the third generation of matter [25, 30, 31] . It is convenient to parametrize the non-universalities in the following fashion. In the Higgs sector one has
Similarly in the third generation sector one has
A reasonable range for the non-universality parameters is |δ i | ≤ 1 (i=1-4). Inclusion of non-universalities modifies the electro-weak symmetry breaking equation determining the parameter µ 2 , and leads to corrections to the fine tuning parameter Φ. One finds that with these non-universality corrections Φ is given by
and C 2 , C 3 and C 4 are as defined in Eqs. (6) and (7) . Here S 0 is the trace anomaly term
evaluated at the GUT scale M G . It vanishes in the universal case since Tr(Y)=0, but contributes when non-universalities are present. p is as defined in Ref. [30] . Numerically for M G = 10 16.2 GeV and α G = 1/24 one has p ≃ 0.045. Eq. (23) shows how important the effects of non-universalities are on Φ. For a moderate value of m 0 = 250 GeV the factor (m 0 /M Z ) 2 is ∼ 7.5 and since δ i ∼O (1), Φ gets a huge shift. This means that the upper limits of the sparticle masses are going to be sensitively dependent on the magnitudes and signatures of δ i . It is instructive to write the radiative breaking equation Eq. (21) with non-universalities in a form similar to Eq. (9) . We get
where C ′ 1 is defined in Eq. (23), and C 2 and C 3 are defined in Eq. (7) and where ∆µ 2 loop is the loop correction. We discuss the case of non-universalities in the Higgs sector first and consider two extreme examples within the constraint of |δ i | ≤ 1(i=1-2). These are (i) δ 1 = 1, δ 2 = −1, and (ii)δ 1 = −1, δ 2 = 1, with δ 3 = 0 = δ 4 in both cases. For case(i) we find from Eq. (23) that the non-universalities make a positive contribution to C ′ 1 , and thus C ′ 1 > 0 (see Table 3 ). As for the universal case the loop corrections in this case are generally small. Thus in this case one finds that the radiative breaking condition takes the form m ′2
where a and c are defined by Eq. (11) and b ′ is defined by
As in the universal case (see Figs.1a, 2a and 4a) here also for given fine tuning one finds that m 0 and m 1/2 are bounded as they lie on the boundary of an ellipse. Further, C ′ 1 > C 1 implies that a given Φ corresponds effectively to a smaller Φ 0 , and hence admits smaller values of the upper limits of the squark masses relative to the universal case. This is what is seen in Table 4 . Here we find that the upper limits are generally decreased over the full range of Φ.
For case(ii) the situation is drastically different. Here the non-universalities make a negative contribution driving C ′ 1 negative (see Table 3 ) and further C ′ 1 remains negative in the relevant Q range (see Table 5 ). Thus the radiative breaking solutions no longer lie on the boundary of an ellipse. The analysis in this case is somewhat more complicated in that the loop corrections to µ 2 at the scale Q = M Z are large. For illustrative purposes one may carry out an analysis similar to the one discussed in Sec.3 and go to the scale Q=Q ′ 0 , where the loop corrections to µ 2 are negligible. Again there are two cases and we discuss these below.
Case C: This case is defined by Eq.(13) and the radiative symmetry breaking constraint here reads m ′2
Eq. (28) shows that the radiative symmetry breaking constraint in this case is a hyperbolic constraint. Case D: This case is defined by Eq. (18) and the radiative symmetry breaking constraint here reads
Again the radiative symmetry breaking constraint is a hyperbolic constraint. Cases C and D are similar to the cases A and B except that here m 0 and m 1/2 lie on a hyperbola even for small tanβ because of the effect of the specific nature of the non-universalities in this case. Thus here it is the non-universalities which transform the radiative breaking equation from an ellipse to a hyperbola. Of course m 0 and m 1/2 do not become arbitrarily large, since eventually other constraints set in and limit the allowed values of m 0 and m 1/2 . Results of the analysis are given in Fig.(6) . One finds that m 0 and m 1/2 indeed can become large for a fixed fine tuning.
To understand the effects of the non-universalities in the third generation in comparison to the non-universalities in the Higgs sector it is useful to express ∆Φ in the following alternate form
Since m t < m f one has (1 − 1 2 ( mt m f ) 2 ) > 0 which implies that the effect of a negative(positive) δ 2 can be simulated by a positive(negative) value of δ 3 or by a positive(negative) value of δ 4 . This correlation can be seen to hold by a comparison of Tables 4 and 6. As in the case of Table 4 where a positive δ 1 and a negative δ 2 leads to lowering of the upper limits on squark masses, we find that a positive δ 3 or a positive δ 4 produces a similar effect. The analysis of Table 6 where we choose (δ 1 , δ 2 , δ 3 , δ 4 )=(0,0,1,0) supports this observation. A similar correlation can be made between the case of δ 1 < 0, δ 2 > 0 and the case δ 3 + δ 4 < 0 by the comparison given above. We note, however, that the effects of non-universalities in the Higgs sector and in the third generation sector are not identical in every respect as they enter in different ways in other parts of the spectrum. However, the gross features of the upper limits of squarks in Table 6 can be understood by the rough comparison given above.
A comparison of Tables 2,4, and 6 shows that the non-universalities have a remarkable effect on the upper limits of sparticle masses. One finds that the upper limits on the sparticle masses can increase or decrease dramatically depending on the type of non-universality included in the analysis. The prospects for the observation of sparticles at colliders are thus significantly affected. For the case of Table 4 and 6 one finds that the sparticle spectrum falls below 1 TeV in the range tanβ ≤ 5, Φ ≤ 20. Thus in this case the gluino and the squarks should be discovered at the LHC and all of the other sparticles should also be discovered over most of the mass ranges in Table 4 .
In contrast for the case of non-universality of Table. 6 we find that the nature of nonuniversal contribution is such that squark masses can exceed the discovery potential of even the LHC. The analysis given above is for µ < 0. A similar analysis holds with essentially the same general conclusions for the µ > 0 case.
Upper Limit on the Higgs Mass
One of the most interesting part of our analysis concerns the dependence of the Higgs mass upper limits on Φ 0 . For the analysis of the Higgs mass upper limits we have taken account of the one loop corrections to the masses and further chosen the scale Q which minimizes the two loop corrections [26, 12] . For tanβ = 2 the upper limit on the Higgs mass increases from 60 GeV at Φ 0 =2.5 GeV to 86 GeV at Φ 0 =20. Further from the successive entries in this case in Table 2 we observe that in each of the cases where an increment in the Higgs mass occurs, one requires a significant increase in the value of Φ 0 . The same general pattern is repeated for larger values of tanβ. Thus for tanβ = 5 the Higgs mass increases from 97 GeV to 116 GeV as Φ 0 increases from 2.5 to 20. In Fig.7 we exhibit the upper bound on the Higgs mass as a function of tanβ. From the analysis of Table 2 and Fig.7 one can draw the general conclusion that the Higgs mass upper limit is a sensitive function of tanβ and Φ 0 . For values of tanβ near the low end, i.e. tanβ ≈ 2, the upper limit of the Higgs mass lies below 85-90 GeV for any reasonable range of fine tuning, i.e. Φ 0 ≤ 20. This is a rather strong result. Thus if the low tanβ region of b − τ unification turns out to be the correct scenario then our analysis implies the existence of a Higgs mass below 85-90 GeV for any reasonable range of fine tuning. This scenario will be completely tested at LEPII which can allow coverage of the Higgs mass up to m h ≈ 95 GeV with √ s = 192 GeV. If no Higgs is seen at LEPII then a high degree of fine tuning, i.e. Φ 0 > 20, is indicated on the low tanβ end of b − τ unification.
Further, the analysis also indicates that in order to approach the maximum allowed Higgs mass one needs to have a high degree of fine tuning. In particular from Table 2 and Fig.7 we see that going beyond 120 GeV in the Higgs mass requires a value of Φ 0 on the high side, preferably 10 and 20. The strong correlation of the Higgs mass upper limits with the value of Φ 0 has important implications for sparticle masses. Thus if the Higgs mass turns out to lie close to its allowed upper limit then a larger value of Φ 0 would be indicated. In turn a large Φ 0 would point to a heavy sparticle spectrum. At TeV33 with 25fb −1 of integrated luminosity Higgs mass up to 120 GeV will be probed. A non-observation of the light Higgs in this mass range will imply that one needs a high degree of fine tuning which would point in the direction of heavy sparticle masses. These results are in general agreement with the analysis of Ref. [32] which arrived at much the same conclusion using a very different criterion of fine tuning. In particular the analysis of Ref. [32] also found that the non-observation of the Higgs mass below 120 GeV will imply a heavy spectrum.
Fine-tuning limits from the current experimental data
One may put limits on the fine tuning parameter using the current experimental data on sparticle searches at colliders [33, 34] . The result of this analysis is presented in Table  7 . For low tanβ the strongest lower limits on the fine tuning parameter arise from the lower limits on the Higgs mass. In Table 7 we have used the experimental lower limits on the Higgs mass from the four detectors at LEP, i.e., the L3, OPAL, ALEPH, and DELPHI [33] , to obtain lower limits on Φ for values of tanβ from 2 to 20. As expected one finds that the strongest limit on Φ arises for the smallest tanβ, and the constraint on Φ falls rapidly for larger tanβ. Thus for tanβ greater than 5 the lower limit on Φ already drops below 2 which is not a stringent fine tuning constraint. Lower limits on Φ from the current data on the lower limits on the neutralino, the chargino, the stop, the heavy squarks, and the gluino are also analysed in Table 7 . One finds that here the current lower limits on the chargino mass produce the stongest lower limit on Φ. For tanβ of 2, the lower limit on Φ from the Higgs sector is still more stringent constraint than the lower limit constraint from the chargino sector. However, for tanβ=5 the constraint from the chargino sector becomes more stringent than the constraint from the Higgs sector. These constraints on the fine tuning will become even more stringent after LEP II completes its runs and if supersymmetric particles do not become visible.
Conclusions
In this paper we have analyzed the naturalness bounds on sparticle masses within the framework of radiative breaking of the electro-weak symmetry for minimal supergravity models and for non-minimal models with non-universal soft SUSY breaking terms. For the case of minimal supergravity it is found that for small values of tanβ, i.e., tanβ ≤ 5 and a reasonable range of fine tuning, i.e., Φ ≤ 20, the allowed values of m 0 and m 1/2 lie on the surface of an ellipsoid with the radii determined by the value of fine tuning. Specifically for the case tanβ = 2 it is found that the upper limits on the gluino and squark masses in minimal supergravity lie within 1 TeV and the light Higgs mass lies below 90 GeV for Φ 0 ≤ 20. For tanβ ≤ 5 the upper limits of the sparticle masses all still lie within the reach of the LHC for the same range of Φ 0 . The analysis shows that the upper limits of sparticle masses are very sensitive functions of tanβ. As values of tanβ become large the loop corrections to µ become large and the nature of the radiative breaking equation can change, i.e., m 0 and m 1/2 may not lie on the surface of an ellipsoid. Thus it is found that there exist regions of the parameter space for large tanβ where the upper bounds on the sparticle masses can get very large even for reasonable values of fine tuning.
We have also analyzed the effects of non-universalities in the Higgs sector and in the third generation sector on the upper limits on the sparticle masses. It is found that non-universalities have a very significant effect on the overall size of the sparticle mass upper limits. Thus we find that the case (i) δ 1 > 0 or δ 2 < 0 and δ 3 = 0 = δ 4 has the effect of decreasing the upper limits on the squark masses, and in contrast the case (ii) δ 1 < 0 or δ 2 > 0 and δ 3 = 0 = δ 4 has the effect of increasing the upper limits on the squark masses. Remarkably for δ 1 = 1, δ 2 = −1 and δ 3 = 0 = δ 4 all of the sparticle masses lie below 1 TeV for tanβ ≤ 5 and Φ ≤ 20 because of the nonuniversality effects. In this case the sparticles would not escape detection at the LHC. However, for the case δ 1 = −1, δ 2 = 1 and δ 3 = 0 = δ 4 there is an opposite effect and the non-universalities raise the upper limits of the sparticle masses. Here for the same range of tanβ, i.e., tanβ ≤ 5 the first and second generation squark masses can reach approximately 3 TeV for Φ ≤ 10 (4-5 TeV for Φ ≤ 20) and consequently these sparticles may escape detection even at the LHC. Similar effects occur for the non-universalities in the third generation sector. Thus non-universalities have important implications for the detection of supersymmetry at colliders.
Finally, it is found that the upper limit on the Higgs mass is a very sensitive function of tanβ in the region of low tanβ and moving the upper limit beyond 120 GeV towards its maximally allowed value will require a high degree of fine tuning. In turn large fine tuning would result in a corresponding upward movement of the upper limits of other sparticle masses. Thus a non-observation of the Higgs at the upgraded Tevatron with an integrated luminosity of 25f b −1 , would imply a high degree of fine tuning and point to the possibility of a heavy sparticle spectrum. Table 4 : The upper bounds on sparticle masses for the case of non-universalities in the Higgs sector when (δ 1 , δ 2 ) = (1, −1), δ 3 = 0 = δ 4 , m t = 175GeV , and µ < 0 for different values of tanβ and Φ. All the masses are in GeV. Table 5 : The scale dependence of C ′ 1 (Q),C 2 (Q) -C 4 (Q) for (δ 1 , δ 2 , δ 3 , δ 4 ) = (−1, 1, 0, 0) for m t = 175 GeV and tanβ = 2, 5, 10 and 20.
(δ 1 , δ 2 , δ 3 , δ 4 ) = (0, 0, 1, 0), for the same parameters as in Fig.2a . 
